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INTRODUCTION
Calmodulin (CaM) is a ubiquitous calcium sensor in all vertebrate cells. It regulates a large number of target proteins including kinases, phosphatases, metabolic enzymes, ion channels, and transcription factors (Carafoli and Klee, 1999) . Changes in cellular calcium concentration during signal transduction cause CaM to modulate the activity of these targets differentially. The mechanism of target activation by CaM is dependent on the ion-binding properties of its four EF-hand calcium-binding sites, two in each domain ( Fig. 1 A) (Babu et al., 1988; Chattopadhyaya et al., 1992) and the structural rearrangements that are induced by binding (Crivici and Ikura, 1995) . Calcium binding results in exposure of hydrophobic clefts (LaPorte et al., 1980) and reorientation of the four helices in each domain (Strynadka and James, 1989; Nelson and Chazin, 1998; Yap et al., 1999) . By inspection of the internal sequence homology within CaM, the N-domain is composed of residues 1-75, and the C-domain is composed of residues 76 -148 ( Fig. 1  B) . However, despite their structural similarity, the highly homologous domains are not equivalent in calcium-binding energetics. The C-domain sites (III and IV) have a 10-fold higher affinity for calcium than the N-domain sites (I and II). Therefore, sites in the C-domain are filled almost completely before sites in the N-domain begin to be occupied (Seamon, 1980; Ikura et al., 1983; Klevit et al., 1984; Wang, 1985) .
We are interested in understanding the determinants of differences between the calcium-binding properties of each of the four sites in CaM. It has been recognized for many years that increases in fluorescence intensity of Y138, one of the two tyrosine residues in the C-domain, can be used to resolve the free energies of calcium binding to sites III and IV (Richman and Klee, 1979; Klevit, 1983; Larson et al., 1990; Ross et al., 1992) . Monitoring free energies of calcium binding to sites I and II in CaM has been more difficult because there are no tryptophan or tyrosine residues in the N-domain. Some methods for measuring equilibrium calcium-binding properties of the N-domain, including flow dialysis (Haiech et al., 1980 (Haiech et al., , 1981 Buccigross et al., 1986; Gilli et al., 1998) , discontinuous equilibrium titrations monitored by NMR (Pedigo and Shea, 1995a) , or proteolytic footprinting (Sorensen and Shea, 1998; Shea et al., 2000) require extensive dialysis and large quantities of protein.
Other methods require modifications to CaM, including engineered tryptophan residues (Kilhoffer et al., 1992; Martin et al., 2000; Ababou and Desjarlais, 2001; Tikunova et al., 2001) and side-chain modification (Nomura et al., 1992; Yao et al., 1994) , which may perturb calcium-binding prop-erties. Stoichiometric titrations of calcium binding to CaM in competition with independently characterized chromophoric calcium indicators (Martin et al., 1985 (Martin et al., , 1996 Linse et al., 1991; Waltersson et al., 1993; Malmendal et al., 1999) may be used to estimate macroscopic (i.e., Adair) equilibrium constants. However, this approach directly monitors the fractional saturation of the indicator dye rather than CaM and requires coordinated analysis of CaM fragments to assign the macroscopic constants to individual domains. It also is very sensitive to precise determinations of the protein concentration and levels of contaminating calcium.
The N-domain of CaM contains five phenylalanine residues, and a calcium-dependent change in phenylalanine fluorescence intensity has provided a way to determine free energies of calcium binding to sites I and II of a halfmolecule N-domain fragment, CaM (VanScyoc and Shea, 2001) . In this study, we asked whether binding to sites I and II could still be observed and resolved within fulllength CaM, CaM , by monitoring the calcium-dependent change in phenylalanine fluorescence. Potential interference could be due to fluorescence from the three phenylalanine residues in the C-domain (positions 89, 92, and 141) as well as from the two tyrosine residues (positions 99 and 138) in the C-domain. In addition, fluorescence of N-domain phenylalanine residues might be quenched through perturbation of their local environments induced by domain-domain interactions or through energy transfer to C-domain tyrosine residues. Here, using steady-state and time-resolved fluorescence studies, we show that phenylalanine fluorescence can be used selectively to monitor calcium binding to sites I and II of CaM . Therefore, calcium binding to both domains can be monitored easily in a single continuous titration by using tyrosine fluorescence ( ex ϭ 277 nm; em ϭ 320 nm) as the reporter for sites III and IV (Richman and Klee, 1979; Klevit, 1983; Larson et al., 1990; Ross et al., 1992) and phenylalanine fluorescence ( ex ϭ 250 nm; em ϭ 280 nm) as the reporter for sites I and II. Using these wavelength pairs and the optical conditions described here, there was no signal overlap between the two reporters. In addition, the phenylalanine residues in the C-domain were not emissive. Their quenching, at least in part, could be due to energy transfer to the nearby tyrosine residues.
We apply this approach to study how mutation of two residues between calcium-binding site II of the N-domain and site III of the C-domain affect the calcium affinities of one or both domains. The use of intrinsic, domain-specific probes opens the way for exploring effects of additional mutations on CaM and the physiological function of CaM as a regulator of a diverse array of cellular target proteins.
MATERIALS AND METHODS

Chemicals
All chemicals were reagent grade.
Overexpression and purification of calmodulin
Rat calmodulin (CaM ), complementary domain fragments CaM (N-domain) and CaM (76 -148) (C-domain), and full-length mutants, R74A , R90G , and R90A were cloned and overexpressed by standard methods (Sorensen and Shea, 1998) . The proteins were purified as described by Putkey et al. (1985) . The recombinant proteins were 97-99% pure as judged by silver-stained SDS-polyacrylamide gel electrophoresis or reversed-phase high-performance liquid chromatography. Amino acid analyses were conducted by the Molecular Analysis Facility at the University of Iowa College of Medicine.
Steady-state fluorescence excitation and emission spectra
Spectra were collected at 22°C using an SLM 4800C fluorometer (SLM Instruments) with a xenon short arc lamp (Ushio). Emission and excitation spectra of all samples (6 M) in apo buffer (50 mM HEPES, 100 mM KCl, 0.05 mM EGTA, and 5 mM nitrilotriacetic acid (NTA), pH 7.40) and calcium-saturated buffer (apo buffer with 10 mM CaCl 2 ) were collected in 1-nm increments using 8-nm bandpasses. A matching buffer scan (blank) was subtracted from each spectrum. Spectra were not corrected for the response of the instrument.
Time-resolved fluorescence
Fluorescence intensity decay curves were collected void of depolarizing effects by exciting samples with vertically polarized light and observing the fluorescence through a polarizer oriented at the magic angle (Lakowicz, 1999) . These experiments were performed by time-correlated, singlephoton counting. Pulses, ϳ2 ps wide (full width at half-maximum), occur-ring at 4.8 MHz, were generated by a laser system (Verdi V10, Mira 900, and pulse picker 9200 from Coherent, Santa Clara, CA; harmonic generator 5-050 from Inrad, Northvale, NJ) tuned to the desired excitation wavelength. The sample was maintained at 20°C in an automated sample chamber (FLASC1000 from Quantum Northwest, Spokane, WA). Emitted photons were first selected for their polarization by an emission polarizer oriented at the magic angle (54.7°) and then for their energy by a monochromator (SpectraPro-150 from Acton, Acton, MA) with a bandpass of 10 nm and were detected by a module containing a photomultiplier tube, preamplifier, and constant fraction discriminator (TBX-04 from IBX, Glasgow, UK). The time between each excitation and emission event was processed by electronics (EG&G Ortec, Oak Ridge, TN) to collect a histogram of the probability of decay into 2048 channels (24 ps/channel). Instrument response functions (light scatter) and decay curves typically were collected to 100,000 and 40,000 counts in the peak, respectively.
Intensity decays, I M (t), were fit to a sum of exponentials.
where the i represent fluorescence lifetimes and the ␣ i are preexponential weighting factors, by a standard reconvolution procedure (Grinvald and Steinberg, 1974) using nonlinear least-squares regression (Bevington, 1969) . All fits were judged by the reduced 2 , the weighted residuals, and the autocorrelation of the residuals. Joint support plane confidence intervals were calculated for all iterated parameters by the approximation method described by Johnson and coworkers (Straume et al., 1991) . To help assess whether different proteins had related intensity decay behavior, global analyses Knutson et al., 1983) were performed where it was assumed that the fluorescence lifetimes were excitation and emission wavelength independent and common to all datasets.
Equilibrium calcium titrations
Macroscopic binding constants for calcium binding to sites I and II and/or sites III and IV were determined by titrating the CaM proteins (6 M in 50 mM HEPES, 100 mM KCl, 0.05 mM EGTA, and 5 mM NTA buffer, pH 7.4, at 22°C) as described previously (Sorensen and Shea, 1998) . Binding to sites I and II was monitored by phenylalanine fluorescence using excitation at 250 nm and emission at 280 nm with 8-nm bandpasses. Binding to sites III and IV was monitored by tyrosine fluorescence using excitation at 277 nm and emission at 320 nm with 8-nm bandpasses. Free calcium concentration at each point in the titration was determined by the extent of saturation of the calcium indicator dye Oregon Green 488 BAPTA-5N (0.1 M; Molecular Probes, Eugene, OR; see Eq. 2). [low] (2)
The K d for Oregon Green was determined to be 29.6 M in 50 mM HEPES, pH 7.4, with 100 mM KCl at 22°C. Using an indicator dye to determine free calcium concentration and a calcium buffering system (EGTA and NTA) minimizes the effect of small uncertainties in the concentration of protein and calcium titrant solution. Analysis of free energies of calcium binding to sites I and II (phenylalanine fluorescence) or to sites III and IV (tyrosine fluorescence) was performed by fitting the titration data to a model-independent two-site (Adair) function (Eq. 3) as described previously (Sorensen and Shea, 1998; Shea et al., 2000; Van-Scyoc and Shea, 2001) :
The free energy of calcium binding to both sites in a domain is given by ⌬G 2 (ϪRT ln(K 2 ). All titrations were repeated at least three times; representative data and fitted curves are shown in Figs. 3 and 4. The robustness of this approach was demonstrated by conducting titrations of sites III and IV in CaM (76 -148) at two protein concentrations (1 M and 6 M), and nonlinear least-squares analysis gave free energies of calcium-binding identical to within the noise of an individual titration (data not shown). An estimate of the lower limit of the free energy of cooperativity (⌬G c ) between paired calcium-binding sites within each domain was determined by Eq. 4 (see Pedigo and Shea, 1995b, for discussion) .
RESULTS
Steady-state fluorescence
A series of excitation and emission spectra were obtained for CaM and its domain fragments CaM and CaM (76 -148) . To evaluate contributions from the aromatic residues, different fixed wavelengths were used. To measure excitation spectra, an emission wavelength of 280 nm (Fig. 2 , A-C) was used for phenylalanine, and 320 nm ( Fig.  2 , D-F) was used for tyrosine. Likewise, emission spectra were collected with excitation at 250 nm ( Fig. 2 , G-I) for phenylalanine or 277 nm (Fig. 2 , J-L) for tyrosine. The spectra for amino acids phenylalanine and tyrosine ( Fig. 2 , A, D, G, and J) did not change by addition of calcium (not shown). As shown in Fig. 2, B and H, the maximum fluorescence intensity from the phenylalanine residues in CaM was quenched ϳ70% by the addition of calcium. Excitation spectra for the apo and calciumbound forms of CaM (76 -148) did not vary significantly (Fig.  2 B) . Fig. 2 H demonstrates that the tyrosine residues in CaM (76 -148) were excited at 250 nm. The addition of saturating calcium increased emission approximately threefold. However, there was little or no fluorescence detected at 280 nm (see bar in Fig. 2 H) for either apo or calcium-saturated CaM (76 -148) . The shapes and energies of these spectra were essentially the same as those of the reference amino acids.
Spectra for full-length CaM are shown in Fig. 2 , C and I. Upon saturation by calcium, a decrease in phenylalanine emission (ϳ70%) and an approximately threefold increase in tyrosine emission was observed. The spectra for both the apo and calcium-bound forms of the full-length CaM showed contributions from the corresponding spectra of the individual domains (Fig. 2, B and H) . Fig. 2 , E and K, demonstrate that, with excitation at 277 nm, tyrosine fluorescence increased approximately threefold upon calcium binding to CaM (76 -148) . There was no fluorescence detected from CaM . Consequently, the spectra for the apo and calcium-bound forms of full-length CaM under these experimental conditions (Fig. 2 , F and L) exhibited the same shapes and energies as the spectra for CaM (76 -148) .
In summary, excitation spectra monitored at 280 nm and emission spectra at an excitation wavelength of 250 nm showed that only the phenylalanine residues from CaM contributed measurably to the emission at 280 nm. Consequently, the phenylalanine residues in the N-domain of CaM are the only probes reporting calcium binding when this wavelength pair is used. This is best demonstrated by comparison of the emission spectra of the two domains in Fig. 2 H to those of the model amino acids in Fig. 2 G. It should be noted that although the C-domain has three phenylalanine residues (Phe89, Phe92, and Phe141), there was no detectable phenylalanine fluorescence from CaM (76 -148) (Fig. 2 H) . Using another pair of excitation and emission wavelengths, 277 and 320 nm, respectively, enabled the emission from the tyrosine residues in CaM (76 -148) to be monitored without interference from phenylalanine emission (Fig. 2 , D, E, J, and K). Consequently, by measuring the decrease in phenylalanine emission (with excitation at 250 nm and emission at 280 nm) and the increase in tyrosine emission (with excitation at 277 nm and emission at 320 nm), the binding of calcium to each domain could be measured separately. Importantly, because the spectra and calcium-dependent intensity changes of CaM (Fig. 2 , C, F, I, and L) closely resembled those of its two domain fragments, these two pairs of excitation and emission wavelengths could be used to resolve quantitatively the binding isotherms for each domain within the full-length protein.
Time-resolved fluorescence
For reference, intensity decays of three phenylalanine model compounds were examined. With excitation and emission at 250 and 280 nm, respectively, single-exponential decays were obtained for phenylalanine (as previously reported (Leroy et al., 1971; Duneau et al., 1998) ), glycylphenylalanine, and N-acetyl-phenylalanine-amide at neutral pH. The lifetimes for these reference compounds were found to be 7.2, 5.9, and 4.8 ns, respectively.
Intensity decays corresponding to emission from phenylalanine residues were obtained for CaM and CaM by using the 250/280-nm wavelength pair for excitation and emission, respectively. As reported in Table 1 , a sum of three exponential components was required to fit the data for each protein, either under apo or calcium-saturating conditions. For the apo forms of both CaM and CaM , two lifetimes were shorter than those found for the phenylalanine model compounds, whereas the third was much longer. Addition of calcium to both proteins resulted in a decrease in the number and intensity average lifetimes. These decreases were consistent with the observed loss in steady-state intensities (Fig. 2) . The most striking change in the individual decay parameters was the decrease in the long lifetime observed for both proteins, from 13.3 to 7.9 ns for CaM and 11.8 to 6.3 ns for CaM . However, it should be noted that the decay profile for full-length CaM differed significantly from that for CaM in both the apo and calcium-saturated forms. This was particularly evident in the fractional intensities calculated from the recovered decay parameters ( Table 1 ). This is consistent with studies that show that CaM and the N-domain of CaM have differences in some structural properties and in affinities of sites I and II (see Table 4 ) (Sorensen and Shea, 1998) .
To study the fluorescence intensity decay of the tyrosine residues in CaM (76 -148) and CaM , the 277/320-nm wavelength pair was used for excitation and emission, respectively. As reported in Table 2 , a minimum of three exponential components was required to fit the data for each
] excitation (A-F) and emission (G-L) spectra of phenylalanine, tyrosine, CaM , CaM (76 -148) , and CaM . Proteins under calcium-saturated (red) and apo (blue) conditions are shown with lines indicating the wavelengths at which titrations are monitored. (A-C) em ϭ 280 nm; (D-F) em ϭ 320 nm: (A) Phenylalanine (solid line) and tyrosine (dashed line); (B) CaM (solid) and CaM (76 -148) (dashed); (C) CaM ; (D) Phenylalanine (solid) and tyrosine (dashed); (E) CaM (solid) and CaM (76 -148) (dashed); (F) CaM . (G-I) ex ϭ 250 nm; (J-L) ex ϭ 277 nm: (G) Phenylalanine (solid) and tyrosine (dashed); (H) CaM (solid) and CaM (76 -148) (dashed); (I) CaM ; (J) Phenylalanine (solid) and tyrosine (dashed); (K) CaM (solid) and CaM (76 -148) (dashed); (L) CaM .
protein either with or without calcium. The increase in average lifetimes upon saturation by calcium corresponded with the increase in steady-state fluorescence intensity ( Fig. 2) . Of interest, all decay parameters for both proteins, in either the apo or calcium-bound forms, were essentially the same, including the fractional intensities and average lifetimes (Table 2) . Decay curves for CaM (76 -148) and CaM were also obtained with a 250/320-nm wavelength pair for excitation and emission, respectively. As reported in Table 3 , the decay profiles of both proteins required three exponential components under apo and calcium-saturating conditions. Importantly, for each set of conditions, the decay parameters obtained for CaM (76 -148) and CaM were essentially the same at an emission wavelength of 320 nm when using either 250-or 277-nm excitation (i.e., number of average lifetimes near 1 and 2 ns for both apo-and calcium-bound forms, respectively, as indicated in Tables 2 and 3 ). This implied that emission from the phenylalanine residues in the N-domain of fulllength CaM was not detected at 320 nm; the only emission was from tyrosine.
Equilibrium calcium titrations
Using the 250/280-nm excitation and emission wavelength pair to monitor phenylalanine fluorescence, CaM underwent a calcium-dependent decrease in signal, as demonstrated previously (VanScyoc and Shea, 2001; Sorensen et al., 2002) , whereas CaM (76 -148) did not change in intensity throughout the entire titration (Fig. 3, A and B) . The total free energy of calcium binding to sites I and II of CaM was analyzed by nonlinear least-squares analysis (Eq. 3) (Sorensen and Shea, 1998; Shea et al., 2000; VanScyoc and Shea, 2001) . The average of three trials was Ϫ13.9 Ϯ 0.03 kcal/mol with an average cooperative free energy of Ϫ4.46 Ϯ 0.72 kcal/mol (Table 4) .
Tyrosine fluorescence (monitored using the 277/320-nm excitation and emission wavelength pair) of CaM (76 -148) underwent a calcium-dependent increase in signal whereas the intensity of CaM did not change over the entire titration (Fig. 3, A and B) . Based on the average of three trials, the total free energy of calcium binding to sites III and IV of CaM (76 -148) was Ϫ15.0 Ϯ 0.06 kcal/mol, and the cooperative free energy was estimated as Ϫ2.37 Ϯ 0.15 kcal/mol (Table 5) .
Because all steady-state and time-resolved studies indicated that the 250/280-nm wavelength pair selectively monitored calcium binding to the N-domain sites of CaM whereas the 277/320-nm wavelength pair selectively monitored calcium binding to the C-domain sites of CaM, these two pairs of wavelengths were used to monitor both domains selectively within the full-length protein (Fig. 3 C) . The average total free energy of calcium binding to sites I and II of CaM was Ϫ13.4 Ϯ 0.06 kcal/mol with a cooperative free energy of Ϫ1.28 Ϯ 0.19 kcal/mol. The free energy of calcium binding to sites I and II in CaM was less favorable than to these sites in the fragment CaM (⌬⌬G 2 ϭ 0.5 kcal/mol; Table 4 ). The average total free energy of calcium binding to sites III and IV in the Cdomain of CaM was Ϫ15.3 Ϯ 0.07 kcal/mol with a cooperative free energy of Ϫ1.53 Ϯ 0.07 kcal/mol (Table  5 ). Free energies determined for sites I and II and/or sites III and IV for CaM , CaM (76 -148) , and CaM are in good agreement with previous determinations by proteolytic footprinting (Pedigo and Shea, 1995a; Sorensen and Shea, 1998) . For all calcium titrations, the standard deviations of the average ⌬G 2 values for at least three trials (0.03-0.09 kcal/mol) were comparable to the confidence intervals for ⌬G 2 determined from analysis of individual titrations (0.03-0.10 kcal/mol).
To explore the effects of mutating residues between sites II and III in CaM , calcium titrations of mutants R74A (end of helix D), R90A, and R90G (end of helix E) were conducted ( Fig. 4; Tables 4 and 5). The mutation R74A caused an increase in affinity of sites I and II (⌬⌬G 2 of 0.4 kcal/mol) in the N-domain without affecting sites III and IV in the C-domain. The mutation R90A caused an increase in affinity of sites III and IV (⌬⌬G 2 of 0.3 kcal/mol) without affecting sites I and II in the N-domain. However, the mutation R90G caused an increase in affinity of sites I and II (⌬⌬G 2 of 0.2 kcal/mol) and sites III and IV (⌬⌬G 2 of 0.4 kcal/mol). Although these differences were small, they were judged to be significant because they were larger than 1) the standard deviation of the average of three or more trials for each mutant (see Tables and Fig. 5) and 2) the experimental error (confidence intervals) derived from nonlinear leastsquares analysis of individual titration curves (which ranged from 0.03 to 0.10).
DISCUSSION
To the best of our knowledge, this is the first report of using phenylalanine fluorescence as an experimental observation of ligand-induced conformational change in a protein that contains both phenylalanine and tyrosine residues. In such proteins, phenylalanine fluorescence is likely to be quenched by resonance energy transfer to other aromatic residues, as the phenylalanine emission spectrum overlaps with their absorption (Chen, 1967; Eisinger et al., 1969; Eisinger, 1969; Lakowicz, 1999) . The discovery that the calcium-dependent change in phenylalanine emission reports exclusively on conformational change in the N-domain has permitted us to monitor calcium binding to the two domains of calmodulin separately and determine whether mutations between sites II and III affected only one or both of the domains. FIGURE 3 Calcium titrations of CaM and domain fragments monitored at two pairs of wavelengths: ex ϭ 250 nm and em ϭ 280 nm (OE) and ex ϭ 277 nm and em ϭ 320 nm (‚). (A) CaM ; (B) CaM (76 -148) ; (C) CaM . Data in each panel were normalized [(f Ϫ f min )/(f max Ϫ f min )]. In A and B, the scale of the calcium-independent intensities was maintained, but the origin was offset to Ϫ0.1 to facilitate inspection. Ϫ6.44 Ϯ 0.08 Ϫ13.4 Ϯ 0.06 Ϫ1.28 Ϯ 0.19 0.014 R74A Ϫ6.62 Ϯ 0.23 Ϫ13.8 Ϯ 0.07 Ϫ1.37 Ϯ 0.47 0.012 R90A Ϫ6.56 Ϯ 0.14 Ϫ13.4 Ϯ 0.08 Ϫ1.29 Ϯ 0.12 0.016 R90G Ϫ6.91 Ϯ 0.15 Ϫ13.6 Ϯ 0.07 Ϫ1.11 Ϯ 0.55 0.012 *Gibbs free energies (in kcal/mol (1 kcal ϭ 4.184 kJ)) are described (Eq. 3). Free energies and errors represent averages and SDs between four trials. † Estimate of cooperative free energy is described (Eq. 4). ‡ Sorensen et al. (2002) . Ϫ7.28 Ϯ 0.09 Ϫ15.3 Ϯ 0.07 Ϫ1.53 Ϯ 0.17 0.016 R74A Ϫ7.23 Ϯ 0.15 Ϫ15.3 Ϯ 0.04 Ϫ1.68 Ϯ 1.24 0.019 R90A Ϫ6.82 Ϯ 0.82 Ϫ15.6 Ϯ 0.09 Ϫ2.03 Ϯ 0.56 0.018 R90G Ϫ7.55 Ϯ 0.07 Ϫ15.7 Ϯ 0.09 Ϫ0.46 Ϯ 0.22 0.017 *Gibbs free energies (in kcal/mol (1 kcal ϭ 4.184 kJ)) are described (Eq. 3). Free energies and errors represent averages and SDs between four trials. † Estimate of cooperative free energy is described (Eq. 4).
Phenylalanine fluorescence is seldom used as a probe of conformation in proteins because of its weak emission compared with tyrosine or tryptophan, which in part is the result of its comparatively low extinction coefficient. Proteins known to contain phenylalanine as the only aromatic residue are rare but include parvalbumin from several species (Permyakov and Burstein, 1984; Sudhakar et al., 1993) , peptides from epidermal growth factor receptor and ErbB-2 (Duneau et al., 1998) , and the half-molecule N-domain of CaM (VanScyoc and Shea, 2001) . All of these have been studied using phenylalanine fluorescence. To the best of our knowledge, this is the first report of the lifetimes of Phe residues in CaM.
Domain-specific titrations
For the first time, we have shown that it is possible to monitor calcium binding to each domain of CaM by intrinsic protein fluorescence. There is a clear separation between the calcium-dependent signal attributed to the phenylalanine residues in the N-domain and the signal from Tyr138 in the C-domain as shown by steady-state and time-resolved flu-orescence studies of the apo and calcium-saturated states (Fig. 2; Tables 1-3 ). Calcium titrations of each half-molecule fragment (CaM and CaM (76 -148) ) monitored with excitation and emission wavelength pairs unique for phenylalanine and tyrosine show that the observable signals are selective for the N-domain and C-domain, respectively, throughout the entire transition from the apo to calciumbound end-state (Fig. 3, A and B) .
These studies demonstrate that conformational change in each domain of the full-length molecule (CaM ) can be monitored separately by domain-specific fluorescence spectroscopy (Fig. 3 C) . Phenylalanine residues in the N-domain can be monitored with an excitation and emission wavelength pair of 250/280 nm to report exclusively on the calcium occupancy of sites I and II. There is no contribution to the signal from phenylalanine residues in the C-domain, no spectral interference from the tyrosine residues in the C-domain, and no observable energy transfer from the Ndomain phenylalanine residues to the C-domain tyrosine residues. As recognized previously, Tyr in the C-domain can be used to monitor the calcium occupancy of sites III and IV with the excitation/emission wavelength pair of 277/320 nm (Richman and Klee, 1979; Klevit, 1983; Larson et al., 1990; Ross et al., 1992) with no interference from the phenylalanine residues in the N-domain. .
FIGURE 5 Comparison of the average total free energy (⌬G 2 ) of calcium binding to N-domain sites I and II (A) and C-domain sites III and IV (B) for CaM , R74A CaM , R90A CaM , and R90G CaM . Error bars indicate the SD for at least three trials.
These domain-specific signals were used to monitor the effects of mutating R74 and R90, two highly conserved residues outside of the calcium-binding sites, on calcium affinity. In a comparison of CaM from over 50 nonfungi species, residue 74 was found to be Arg in all cases but four. Residue 90 was found to be arginine in about half of the cases and lysine in the other half, and there was one occurrence of glutamine. On the basis of molecular dynamics simulations, these residues were postulated to have longrange effects on the tertiary structure of (Ca 2ϩ ) 4 -CaM (Pascual-Ahuir et al., 1991) , mediating tertiary structural changes (Weinstein and Mehler, 1994) . In this study, both arginine residues were substituted by alanine, a residue with high helical propensity and at position 90, also by glycine, a residue often found in turns.
Calcium-binding titrations (Fig. 4) showed that mutation of these residues increased the calcium affinity of sites in one or both of the domains. Substitution of alanine for either R74 at the end of helix D in the N-domain or R90 at the end of helix E in the C-domain increased only the affinity of the domain containing the mutation. However, substitution of glycine for R90 increased the affinity of calcium-binding sites in both the N-and C-domain. Previous studies demonstrated that all of these mutations increased the Stokes radius relative to wild-type CaM (Sorensen and Shea, 1996) . However, the smallest changes were caused by substitution of alanine (R74A showed a 0.16-Å increase and R90A showed a 0.57-Å increase) whereas R90G caused a 1.02-Å increase in Stokes radius when compared with wildtype CaM. This correlation between increased affinity and increased Stokes radius was also observed with N-domain fragments of mutants of Paramecium CaM (VanScyoc and Shea, 2001) . These findings suggest that an increase in disorder can contribute to an increase in affinity of the calcium-binding sites, presumably by lowering tertiary constraints on rearrangements needed for optimal coordination of the divalent cation in each site.
Long phenylalanine lifetime diagnostic of the N-domain
One of the three lifetimes resolved for phenylalanine fluorescence of apo CaM (13.3 ns) was significantly longer than any of the lifetimes (7.2-4.8 ns) resolved for the Phe model compounds (phenylalanine, glycyl-phenylalanine, or N-acetyl-phenylalanine-amide) . A similarly long lifetime (11.8 ns) was observed for apo CaM . This long lifetime serves as a marker for the apo N-domain and suggests that one or more of its Phe residues is in a distinctive environment in both CaM and CaM . In CaM, upon saturation of sites I and II by calcium, the resulting conformational changes must alter the local environment of the unique phenylalanine residue(s) to reduce the long lifetime (from 13.3 to 7.9 ns in the domain fragment and from 11.8 to 6.2 ns in the full-length molecule). The lifetimes under calcium-saturating condition are similar to those observed for the model compounds.
The long lifetimes found for the N-domain of CaM may be compared to an analysis of the intensity decay of phenylalanine in parvalbumin (another EF-hand calcium-binding protein). It was biexponential in the calcium-saturated state with lifetimes of 5.9 and 53 ns and monoexponential in the apo state with a lifetime of 17 ns (Sudhakar et al., 1993) . That study offers precedence for a long lifetime for Phe in a protein environment. The low extinction coefficient of the phenylalanine side chain is a reflection of both low absorption and emission transition probabilities compared with tyrosine or tryptophan. Thus, it is to be expected that long fluorescence lifetimes have been observed for phenylalanine in proteins.
Because the N-domain contains five phenylalanine residues, it is not possible to assign individual fluorescence lifetimes to specific residues unequivocally. However, it is possible to compare calcium-dependent differences in the positions of the rings of Phe residues in the N-domain of apo CaM (1CFD.pdb) (Kuboniwa et al., 1995) to those in calcium-saturated CaM (3CLN.pdb) (Babu et al., 1988) . As shown in Fig. 6, A and B , the calcium-dependent changes in the pair-wise separations between Phe12, Phe16, Phe65, and Phe68 are small (the center-to-center ring distance shifts range from 0.1 to 0.4 Å). In contrast, distances between Phe19 and each of the other four phenylalanine residues are reduced considerably by calcium binding. They shorten by 1.7 Å (to Phe12), 0.6 Å (to Phe16), 1.1 Å (to Phe65), and 3.8 Å (to Phe68). This suggests that the fluorescence of Phe19 is the major contributor to the longlifetime component observed in CaM and that its intensity is quenched dynamically as it joins the network formed by the other four phenylalanine side chains. Upon binding of calcium to sites I and II, Phe19 also becomes more solvent exposed, as do the other phenylalanine residues, as determined by measuring the solvent-accessible surface area of structures of apo (1CFD.pdb) ( (Kuboniwa et al., 1995) and calcium-saturated (3CLN.pdb) ( (Babu et al., 1988) CaM. This is consistent with its lifetime becoming more similar to those observed for phenylalanine in small model compounds in aqueous solvents.
Phenylalanine-to-tyrosine Fö rster resonance energy transfer
Individual and average lifetimes were slightly longer for the 250/320-nm pair than the 277/320-nm pair for both CaM (76 -148) and CaM (Tables 2 and 3 ). This may indicate that there is resonance energy transfer within the C-domain from its three phenylalanine residues (89, 92, and 141) to tyrosine. The Förster distance for 50% resonance energy transfer from phenylalanine to tyrosine is ϳ10 Å in peptides Eisinger, 1969) and proteins (Searcy et al., 1989) . Center-to-center ring distances between Tyr138 and the Phe residues in the C-domain are 5.1 Å (to Phe89), 9.4 Å (to Phe92), and 10.1 Å (to Phe141) in the apo state (1CFD.pdb) (Kuboniwa et al., 1995) and change to 5.4 Å, 6.7 Å, and 11.7 Å in the calcium-saturated state (3CLN.pdb) (Babu et al., 1988) (Fig. 6, C and D) . It is reasonable that these moderately small distances allow for transfer of energy from phenylalanine to tyrosine, thereby helping quench these C-domain phenylalanine residues in both CaM (76 -148) and CaM (i.e., in a manner independent of the N-domain).
In contrast, distances between the Phe residues in the N-domain and Tyr138 in the C-domain are much longer. The inter-ring distance between Tyr138 (in the C-domain) and Phe12 (the closest phenylalanine in the N-domain) is 25.1 Å in the calcium-saturated structure (3CLN.pdb; (Babu et al., 1988) ). In the absence of calcium (1CFD.pdb; (Kuboniwa et al., 1995) , that distance extends to 28.3 Å. Distances of 25 Å or greater are more than twice the Förster distance, and the energy transfer efficiency, which depends on the sixth power of the distance, effectively will be zero. Therefore, it is unlikely that N-domain phenylalanine residues transfer excitation energy to the tyrosine residues in the C-domain.
Effect of the N-domain on tyrosine environment
The time-resolved studies revealed similar tyrosine emission decay profiles for CaM (76 -148) and CaM , both in FIGURE 6 Orientation of phenylalanine (red) and tyrosine (green) residues in CaM. (A) Apo N-domain (residues 1-75 from 1CFD.pdb shown (Kuboniwa et al., 1995) ); (B) Calcium-saturated N-domain (residues 1-75 from 3CLN.pdb shown (Babu et al., 1988) ); (C) Apo C-domain (residues 76 -148 from 1CFD.pdb shown); (D) Calcium-saturated C-domain (residues 76 -148 from 3CLN.pdb shown). Models were drawn using SYBYL (Tripos). the presence and absence of calcium. To help evaluate whether they were indistinguishable, decay data for both proteins were analyzed together by a global procedure Knutson et al., 1983) . The equivalent amplitudes recovered for the common lifetimes confirm that the tyrosine intensity decays of CaM (76 -148) and CaM are completely indistinguishable in both the apo and calcium-bound forms (data not shown). This indicates that covalent linkage to the N-domain does not cause a significant perturbation of tyrosine environments within CaM . There is also little effect of the N-domain on calciumbinding properties of the C-domain, as the calcium affinities of sites III and IV are nearly identical for the two molecules (CaM 76 -148 and CaM 1-148 ), as shown in Table 5 . Consequently, based on fluorescence properties and calcium binding, it would appear that the interactions between the Ndomain and C-domain do not induce significant structural perturbations within the C-domain. This finding also agrees with comparative studies of CaM and its C-domain fragment by flow dialysis (Klee, 1988) , chelator methods (Martin et al., 1985; Linse et al., 1991) , and proteolytic footprinting (Sorensen and Shea, 1998) .
The effect of the C-domain on the N-domain is currently being investigated. There are differences in structural properties and in affinities of sites I and II between the Ndomain of full-length CaM and CaM (Table 4 ) (Sorensen and Shea, 1998; Sorensen et al., 2002) that are reflected by slight differences in lifetimes between the two proteins (Table 1) . However, the data presented here unequivocally demonstrate that the fluorescence signal obtained by exciting CaM at 250 nm and monitoring emission at 280 nm reports on the occupancy of sites I and II. This finding has allowed us to determine directly how mutations between sites II and III may affect one or both domains, depending on the nature of the substitution.
Summary
This new technique for determining macroscopic binding constants for the N-domain sites I and II and the C-domain sites III and IV of CaM with intrinsic fluorescence should prove applicable to most species of calmodulin because its sequence is highly conserved across the animal and plant kingdoms (e.g., rat CaM is identical to human and bovine CaM, 97% identical to Drosophila CaM, 88% identical to Paramecium CaM, and 90% identical to alfalfa CaM). Only 1 of over 50 species of CaM (Mougeotia scalaris, an alga) naturally contains Trp (found at position 105 in the C-domain); its properties would need to be explored independently.
The method described here alleviates the need to introduce mutations or extrinsic reporter groups. It does not require comparison between the calcium-binding properties of full-length CaM to fragments of CaM to assign equilibrium constants. This new technique will make it easier to explore why the two highly homologous domains differ significantly in calcium-binding affinity and thermostability despite their structural similarity. This approach will also be valuable for studying mutants in which there are small differences between the free energies of calcium binding to sites in the C-domain and sites in the N-domain (Beckingham, 1991; Shea et al., 1996; Jaren et al., 2000) . Although other studies have indicated the importance of residues within the binding sites proper (Renner et al., 1993; Drake et al., 1997) , the mutants studied here illustrate that distant residues may tune calcium binding, even in the opposite domain.
There are also potential applications for using these intrinsic, domain-specific reporters to explore calcium-binding properties of multi-protein complexes of CaM given that the two domains have unique roles in activation of some target proteins (Kung et al., 1992; Ohya and Botstein, 1994; Schumacher et al., 2001; Rodney et al., 2001) . This study of CaM raises the possibility that other multi-domain proteins that contain both Phe and Tyr may be amenable for study in the same fashion, permitting resolution of domain-specific properties of ligand-induced conformational switching.
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